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Key to electroweak symmetry breaking
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SM single top quark production
Associated
production

Tevatron:
LHC: O, = 326 pb
(14TeV)
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Fermilab single top history

Publication history .

. Search: PRD 63, 031101 (2000)

. Search: PLB 517, 282 (2001)

- Search’ PLB 622, 265 (2003)
W PLB 641, 423 (2006)

- Search: PRD 75, 092007 (2007)

. Evidence: PRL 98, 181802 (2007)

. FCNC: PRL 99, 191802 (2007)
W’ PRL 100, 211802 (2007)
- Evidence: PRD 78, 012005 (2008)

. Wib: PRL 101, 221801 (2008)
. Wib: PRL 102, 092002 (2009)
.H*: (PRL) arXiv:0807.0859

- Observation: (PRL) arXiv:0903.0850

. Search: PRD 65, 091102 (2002)
Run | W’ PRL 90, 081802 (2003)

- Search: PRD 69, 052003 (2004

- Search: PRD 71, 012005 (2005)
Runll . Evidence: PRL 101, 252001 (2008)

. FCNC: (PRL) arXiv:0812.3400

. W*: (PRL) arXiv-0902.3276

| ' ' V| > 0.68 at 95% cL

. Observation: (PRL) arXiv:0903.0885

Single Top Signal Significance

; CKM Matrix Element V,,
Cross Section Expected Observed

V| = 1819

Vft| = 0.88 213

th| >0.66 at95% CL
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Integrated Luminosity [fb™]
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Single top quark event signature

“ b-quark jet or light quark jet

b

Proton — e . Antipmtnn
-—® - --‘f_-" - W -

b-quark jet
High-momentum gy
lepton (e or L)

é Missing transverse energy



Slngle top quark event signature
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production cross-section (femtobarns)

Background processes

g
10"
total inelastic, QCD multijets )
10° !
10° bottom quark pairs ¢ 0~ lz
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Analysis outline

Single top b-quark
event kinematics tagging

Trigger
selection

tb 0

tgb N

tt— 1 I

tft — I+jets 1l

wob Il

wee IR

wej I

wj B0
Z+jets

Dibosons 1

Multijets 1l

N

Combination Multivariate techniques
BDT BNN ME
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Analysis samples

— Divide into 24 analysis channels
* By b-tag multiplicity (1, 2), jet multiplicity (2, 3, 4),
data taking period (before/after upgrade), lepton (e, W)

— Cross-check samples

* Enriched in W+jet events
* Enriched in top pair events

— Check data/background agreement for all variables and
multivariate filters in all samples

10000~ D@ 2.3 fb™

Data ¢
Wbb

Wcec R
Wjj+Wej B

Z+jets

Dibosons W
tf |
Multijets Il

| pretagged
~ all channels

Yield [events / 3 GeV]
()]
o
o
=

O0 50 100 150
W Boson Transverse Mass [GeV]
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Yield [events / 10 GeV]

W+Jets Cross-Check Sample

L - Data ¢
- D@ 2.31b i b
[ Hy<175GeV ||//VVbb -
— 1 b-tag e .
i 2 jetS W_I_]"' WC_I [
i Non-W
r Multijets Il
0 50 100 150

W Boson Transverse Mass [GeV]

Yield [events / 10 GeV]

0" pg 2.3 fb" Data ¢
L tb+tgh I
" Hr>300 GeV Non-t Il

601" 1,2 p-tags  tt-um
L 4jets tt > (+jets
= Multijets IR

40

20

e : i

tt-Pairs Cross-Check Sample

OO 50 100 150

W Boson Transverse Mass [GeV]
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Important discriminating variables

] th +tqb D@ 2.3 fb™ DG 2.3 fb™
000" >800" all channels = Il ch I
o i Wijets g ;_: all channels
2 R 600
3 " Other %600
[ - [
g M 1 g
500~ 3 (11400
. B Multijets © |
Q Q
> >200/
100 150 200 97100 200 300 400 500 % 05 0 05 1
Missing ET [GeV] H,(jets,Lv) [GeV] Cos(LightQuark Jet, Lepton)btaggedtop
DG 2.3 fb™ DG 2.3 fb™ DG 2.3 fb™
E I all channels %‘000__ all channels g _ all channels
>800- S 7600
N c L
I @ g |
600 S ¢t —S
i S <400~
- w500 < |
400" T > [
L Q
i = 200
200 g -
f 0 3
0.2 0.3 0.4 0 150 200 250 4 2 0 2 4
Jet2 ) Width mgos [GeV] Q(lepton) x n(light-quark jet)
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Yield
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400"

Important discriminating variables S

000" B tb+tgb
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2 I Other

o M
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E B Multijets
Q

g

100 150 200
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DG 2.3 fb™
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100
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S |
&
a
=
o
S
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O
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Ju
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S
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S

Yield

]

[

Yield

Events/0.4
()]
o
o

DG 2.3 fb™

0

=1 -0.5 0 0.5
Cos(LightQuark Jet, Lepton)

all channels

1
btaggedtop

DG 2.3 fb™

400j

200j

e Considered ~200 variables tc;tal for multivariate filters

* Chose 18-64 variables for each filter, depending on method and channel ie“
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Decision tree
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Boosted decision trees

H.>312
Fail

n>1.2
F

P

PULTIY

Reinhard Schwienhorst, Michigan State University

22



Boosted decision tree distributions S

Event Yield

Event Yield

tf-Pairs Cross-Check Sample
Pretagged Cross-Check Sample - ' P
o DO 2.3fb" Data ¢
Dg 2-3 fb_1 Data + -o>-- tb+tata) [ |
15000 Wbb H g1001- G Non
Wce m (@ quzzﬂfag:\l tt_(ilz =
allchannels  Wjj+Wcj H ; “4jets  ti-sl+jets M
L Z+jets Multijets Il
10000 Dibosons Il 50
tt
Multijets Il
5000 0
0 0.2 04 06 08 1
Boosted Decision Trees Output
% 02 04 06 08 1
Boosted Decision Trees Output Full data Sample
W+Jets Cross-Check Sample E ¢ Data 1
4005 Q9 B tb+tgb De 2.3 fb
D@ 2.3fb" | Data ¢ > B Whb
tb+tqb W - M wee
3001 Hy<175Gev ~ Wbbh W S B wjj+Wej 150
1 b-tag Wi -I:chvg : S Bl Z+jets
2 i
o00l jets Non-W I LUl | Y/

Bl ti/+jets 100
Bl Multijets

Multijets Il

50

02 04 06 08 1 86
Boosted Decision Trees Output

Cross checks

0.2 0.4 0.6 0.8

Boosted Decision Trees Outpu
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avesian neural networks

Single network Bayesian neural networks
Integrate
over possible
network
parameters
0.4-
— NN with three layers, 24 input nodes, = tgb
40 hidden nodes 03
— Bayesian Idea: 1
* Determine the posterior probability oaf

for each weight at each node
* Sample from this posterior

0.1:
* Here: Average over 100 networks ;

0= .
0 0.2 0.4 0.6 0.8 1
Bayesian neural network output

Reinhard Schwienhorst, Michigan State University 24



Bayesian neural network distributionslS

Event Yield

Event Yield

- Dat
so00l DG 2.3 fb" o e
i all channels |/I/jj+VVVVc(fj :
B Z+jets
6000 Dibosons I
I tt
40001 Multijets Il
2000}
of

100

0

0

Pretagged Cross-Check Sample

0 02 04 06 08 1

Bayesian Neural Networks Output

W+Jets Cross-Check Sample

-1 Data ¢

D@ 23fb" P20
Hr<175Gev ~ Whb IR

1 b-tag B Wec R

2 jets Wjj+wec =
Non-W I

Multijets I

02 04 06 08 1
Bayesian Neural Networks Output

Cross checks

Event Yield

tt-Pairs Cross-Check Sample

80"

60

40

20

L -1
i D@ 2.3 fb Data +
tb+tqgh
B Hr> 300 GeV Non-t Il
1,2 b-tags tt—>¢ W
djets tiol+jets W
+ Multijets Il

o

0.2 04 06 08 1
Bayesian Neural Networks Output

Reinhard Schwienhorst,

Full data sample

Event Yield

0

Data

tb +tgb
Wbb

Wece

Wij + Wej
Ztjets
tt— U
tt— {+jets
Multijets

BERNNNER-

0.2 0.4

0.6

DG 2.3 fb™

0.8

Bayesian Neural Networks Output
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Matrix element analysis

Parton level

matrix elements Signal discriminant

integrate
over 1= P(sig)

):j; measurement ~ P(sig)+P(bkg)

uncertainties

Signal and background probability for each event is
calculated from differential cross section

S 1 S S
Psignal(X) = J—Sdﬂs(x) os = | dos(X)

— Integration over final state momenta
* And over reconstructed momenta, transfer function
Include ME for s-channel, t-channel, top pairs, diboson,
W+jets (including gluons)
Determine weights in two HT regions

Reinhard Schwienhorst, Michigan State University 26



Matrix element distributions S

W+Jets Cross-Check Sample tt-Pairs Cross-Check Sample

DO 2.3 fb™ DG 2.3 fb™

Data ¢

tb+tqgh W

Hr <175 GeV Wwbb IR H:> 300 GeV Non-t I
1 b-tag Wcec [ 1,2 b-tags tt—>4¢ 1

2 jets Wjj+Wc - 3jets tiol+jets I

Non-\w IR i Multijets I
Multijets 1IN L

Data ¢
tb+tgh

Event Yield
N
o
o
Event Yield

Cross checks

04 06 038 1 ° . 04 06 08 1

Matrix Elements Output Matrix Elements Output

¢ Data -1
B b +tgb D@ 2.3 fb
Il wbb

B Wece

B wjj +Wcj

B Z+jets

e H. < 175 GeV
Full data —p e T

Il Multijets
sample

D@ 2.3 fb”

H,> 175 GeV

L=,
2
>
)
c
Q
>
L

Event Yield

0.4 0.6 0.8 : 0.4 0.6 0.8 1
Matrix Elements Output Matrix Elements Outpu
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— Gain because each method provides uniaue separation

Combination: Another BNN

e

|I\I\
1 2 3 4 5 6 7 8 9 1

-1 -1
o DG 2.3 fb o Dg 2.3 fb

Q . — .

Q. gL 74% correlation 2 9t 60% correlation

c = = 2

S 8 : ] = c 8 E

A 2 T -

o r (&) r

N 6 o 6F

x i & 0

g 2,

¥4 g4

Q9 u + r

=2 3 c 2 3 E

- 20" Pseudo-datasets 2 Pseudo-datasets

Z 1 C m with background Ll 1 E with background

m = and SM signal = E and SM signal
O_ hl\\ll\\I‘\\I\‘I\\Il\lll‘ll\lllll\l\l\\ 0: .l KHIJIIJIIIJ\IJJ\'JlllJlIJl\llllllJll

2 3 4 5 6 7 8 9 10

BDT tb+tgb Xsection [pb] BDT tb+tqgb Xsection [pb]

— Simple BNN, only 3 inputs: BDT, BNN, ME

W+Jets Cross-Check Sample

0.2 0.4 0.6 0.8 1

Combination Output

tt-Pairs Cross-Check Sample

©
S i » Data ¢ | B 80F P
2 DG 2.3 fb th+tqb M ;__, D@ 2.3 fb Data ¢
S 200~ Hr<175Gev ~ Wbb M| o, | tb+tqb M
> 1 b-tag Wecl | & Hy>300GeV  Non-t I
Mo 2 jets Wj+wem | > 1,2btags  ti->( M
Non-W 40 4jets ti—!l+jets I
Multijets Il Multijets I
100}~
I 201
o

0.2 0.4 0.6 0.8 1
Combination Output
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Combination distribution w

* Combine 24 channels, Signal Region
50 bins per channel, ~ P
sort bins by s/b g DO 2.3 fb
% 40
g
Final Discriminant T
S - D@ 2.3fb" 2 + +
o | " —
» 600 >
= - Data ¢
g tb+tgbh
L 400 W+jett?_ : 98 085 09 095 1
o Multijets = Ranked Combination Output
@
- 200_
of

0 0.2 04 0.6 0.8 1
Ranked Combination Output
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Is there a signal?

S/B Ratio

2 2 1
s | D@ 2.3fb
o
2
< 15
@
- Sum bins
o right-to-left
Rl
7]

0.5 /4
I J/
:IQ- _/
= 0 0.2 04 06 08 1

Ranked Combination Output

Cumulative Events

160

1400

120
100
80
60
40
20

D@ 2.3fb”

III]

}III]WII'IIWIIII}II[IIII

¢ Data
== Signal+Background
== Background

o (th + tqb) = 3.94 pb

o v b b P by b s
5 10 156 20 25 30 35 40
Cumulative Single Top Signal

DG 2.3 fb” DG 2.3 fb™ DG 2.3 fb™”’
% 60; all channels % 20 all channels % _ all channels
= . BNNcomb > 0.8 = - BNNcomb > 0.9 = - BNNcomb > 0.95
: 15- 10
40 B I
10; i
20 of 3

0 0

-1 -0.5 0 0.5
Cos(Light Quark Jet, Lepton)btaggledtop

-1 -05 0 0.5
Cos(LightQuark Jet, Lepton)btaggedtop

0

-1 -0.5 0 0.5 1
Cos(LightQuark Jet, Lepton)btaggedtop



Yield [Events/0.8]

Kinematics in the signal region

High Signal Region - Q@ xn

High Signal Region — my,,

30+ 1 -y
D@ 2.3 fb > DG 2.3 fb™
I )
° 30 *
Ranked _8 Ranked
20~ Combination l & Combination
_ Output > 0.92 qC, 20 Output > 0.92
T
10 —
T 10
2
D=
0
2 0 2 4 0700 200 300

Q(lepton) x n(light-quark jet)

Reinhard Schwienhorst, Michigan State University
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Systematic uncertainties D&

Systematic Uncertainties

Ranked from Largest to Smallest Effect
on Single Top Cross Section

Dg 2.3 fb1

Larger terms

b-1D tag-rate functions
(includes shape variations)

Jet energy scale
(includes shape variations)

W+jets heavy-flavor correction
Integrated luminosity

Jet energy resolution

Initial- and final-state radiation
b-jet fragmentation

tf pairs theory cross section
Lepton identification
Wbb/Wcc correction ratio

Primary vertex selection

(2.1-7.0)% (1-tag)
(9.0-11.4)% (2-tags)

(1.1-13.1)% (signal)
(0.1-2.1)% (bkgd)

13.7%
6.1%
4.0%

(0.6-12.6)%
2.0%

12.7%
2.5%
5%
1.4%

Relative Uncertainty [%]
on Total Background

DG 2.3 fb”

Single-tagged

0 010203040506070809 1
Combination Output
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Posterior Density [pb™]

Statistical analysis

* Bayesian statistical analysis
P(sID) = P(DIs)*P(s)

— Posterior gives measured cross section and uncertainty

0.5

0.4

0.3

0.2

0.1

IIlFlIIIIlIIIIliIIIlII!I

o=

D@ 2.3 fb”

measured
(0)

= 3.94 :0.88 pb

expected

= 3.50 07, pb

2 4 6 8 10
tb+tgb Cross Section [pb]

D@ 2.3fb" March 2009
i
Decision Trees 3.74 iSj?S pb

Bayesian NNs —e—i 4.70 *1d% pb

Matrix Elem:ents 4.30 1933 pb

BLUE Combination 4.16 +0.84 pb

BNN Combination 3.94 +0.88 pb
|

L_I\} Kidonakis, PRD 74, #14012 (2006) my,, = 170 GeV

| 0 - 5 10| |
o (pp — th+X, tqb+X) [pb]

PRL 103, 092001 (2009)

Reinhard Schwienhorst, Michigan State University 33



Significance B‘é

* Significance (p-value) and linearity and many tests
through extensive ensemble testing
— Ensembles of pseudo-data at various signal cross sections

D@ Combination

67.8M pseudo-datasets (background-only)
17 above measured cross section

Also linearity

p-value =2.5x 107 -
10~  BNN Combination

Observed significance

=5.03¢0

10 DO

1 I 11

o 1 2 3 4 5 6
tb+ tqb Cross Section [pb]

Slope =1.017 + 0.006
Intercept =-0.009 + 0.032

No. of 2.3 fb™" pseudo-datasets

Measured th+tgb Cross Section [pb]
7

2 /\ 1 | | 1 1 | ‘ | | 1 | | 1 1 ‘ 1 1 1 | 1
% 2 4 6 8 10
Input tb+tgb Cross Section [pb]
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* Analyses based on 3.2 fb!

* Top mass 175GeV

CDF Preliminary Single Top Summary
For M, = 175 GeV/c?

S-Channel
Likelihood Function 0.9
(3.2 ‘ 1'5j:&8

Neural Nefwork
(3.2f")

Matrix Ele;'nent
(3.217")

Likelihood Function
(3.21")

Boosted Decision Tree
(3.2f0°)

Combination (Lepton+Jets)
(3.2f")

MET+Jets,
(2.1fb")

Combination (All Channels)

(3.2 |

-5 0

ingle Top Production Cross Section (pb)

* Include M]

HT+Jets channel

* 5 multivariate methods,
separate s-channel search

Reinhard Schwienhorst, Michigan State University
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Tevatron Combination

Single Top Quark Cross Section August 2009

DG Leptontjets 2.3 3.94 iggg pb
CDF Lepton+jets 3.2 fb™

CDF MET+jets 2.1fb

Tevatron Combination 2.76 iS;ﬁ? pb

Preliminary

I
Bl B.\W. Harris et al., PRD 66, 054024 (2002)

B N. Kidonakis, PRD 74, 114012 (2006)
|

[ | el o, 1 |

My, = 170 GeV

0 2 4 6 8
o (pp — tb+X, tgb+X) [pb]

Reinhard Schwienhorst, Michigan State University
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CKM matrix element [V

| 4

th

e Measurement: IV x f; Ul

Posterior Density

[
\ V)

CKM Matrix
/ Vud. Vus Vub \
Vcd Vcs Vcb

\ V;d Vts

— Assume top decays to b (Vg > Vi, V)

* No constraint on # of generations

0.5

—
($)
T T T

—_—
o
T T T T T

0.5

1 1.5

|Viofr| = 1.07 £ 0.12

DG 2.3 fb™

flat prior > 0
IVtbl > 0.78

2 25 3
2
Ve fH

Posterior Probability Density

CDF Run Il Preliminary, L = 3.2 fo!

- |V >0.71(95% C.L.)

- 95%

C L | Lo

0 0.2 04 0.6
Vil




Single top polarization — anomalous coupling

e Left-vector (f*,, =1 in SM), right-vector (%)), b
left-tensor (), right-tensor (f%,) top
o i 1 L R JF— \%Y
L = _\@bﬁrﬁ-lﬁb(f] PL_I—fl PR)tH;L

g ;10" qn p R -
_ b P Pr)tW h.c.
V2 My (f2' P+ f2 Pr)tW, 4 h.c
* Single top is sensitive to magnitude (PRL 101, 221801 (2008))
* ttbar to ratios of couplings (W helicity, PRL 100, 062004 (2008))

o gest sensitivity throug_h ombination (PRL 10%_, 0292002 (2009))

&+ “| D@ Preliminary” i~ “| D@ Preliminary - D@ Preliminary
— b — FI1A |2 (R ® Measured Peak
1.5'—|fR1|2 <0.72 1,5}|f2| < 0.30 1.5- [fR > Des%c.L.
: : ; Woo% C.L.
1 — 1 i Wo5% C.L.
f : |7,]2 < 0.19
0.5¢ 0.5 0.5¢
: Y oo
% ! D N

a |4
L
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Single top in tau final state

DO Run Il 4.8fb'  -e-Data
Il Single top
300 W+lJets
Z+Jets

Event Yiel

" Dibosons !
B i
B Multijets

* DO Run Il Preliminary

04 0.6 038 1
tb+tgb BDT output
DO e+yu combination (2.3 fb™) ) 3.94 1% pb
DO t+ets (4.8 fb™) * ® . 3.40*2% pb
DO e+u+t combination * — 3.84 0% pb
Theoretical SM prediction at top quark mass 170 GeV
| RIS N U S T I ST S R A i BN B

0 1 2 3 4 5 6

o(pp— th+X, tab+X) [pb] Submitted to PLB, arXiv.org:0912.1066
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D¥J First evidence for t-channel production

e Train MV A filters for t-channel
Measure t-channel and s-channel

Yield [Events/0.02]

simultaneously
— Remove s/t constraint
— o(t) =3.14 g % pb

* Exp./obs. significance: 3.7/4.8 SD
— o0(s)=1.05+0.81 pb

t-channel cross section [pb]

400r

K

02 04 06

Ranked t-channel Output

DO 2.3 fb!
* Data

M t-channel
s-channel

B Wijets

Mt

B Multijets

0.8

15

10

1 88

(b)

DG 2.3 fb

0.85 0.9 0.95 1

Ranked t-channel Output

D@ 2.3 pb™
@ Measured Peak
¥ SMm
v Ztu FCNC
gzw=0'04gz
* IV =02
Top Flavor
A mx21TeV
Top Pion
B nc250Gev

[ Jes%c.L.
B s0% c.L.
B 95% c.L.

i | | | | | L1 | | ‘ | | L1 | | | | | | | | ‘ | L1
% 1 2 3 4 5

s-channel cross section [pb]

E (c) DO 2.3 fb"
& 10
c
(]
>
W
T
[]]
s 5
% 2 0 2 4

Q(lepton) x n(light-quark jet)
Submitted to PLB, arXiv.org:0907.4259
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O

ATLAS

i~ LHC: new physics in single top

* Dedicated searches for specific signatures

— Resonances: New heavy boson W', heavy charged Higgs
— FCNC interactions via gluon, photon, Z

— Anomalous Wtb Couphng‘?.Tait, C.-P.Yuan, Phys.Rev. D63 (2001) 0140018

e Measure SM cross

400
sections in detail 5"
O 360

— For 3 processes T e b
separately 2
— Compare their o >
ratios >
260
240
220

200 _IIII

EIIII|IIII|<£>IIE(I:NEIIII|IIII|IIII|IIII|IIIII_|I-IIICII:

Kzic= 1

- % 4% generation, -
- |V.|=0.55, |V,|=0.835 -
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Conclusions/Outlook
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